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In this ar  ti  cle, we pres  ent the re  sults of  a few en  ergy groups cal  cu  la  tions for the NUR
re ac tor fuel de ple tion anal y sis up to 45 000 MWd/tU taken as the max i mum fuel burn
up. The WIMSD-4 cell code has been em  ployed as a cal  cu  la  tion tool. In this study, we
are in  ter  ested in actinides such as the ura  nium and plu  to  nium iso  topes, as well as fis  -
sion prod  ucts Xe-135, Sm-149, Sm-151, Eu-155, and Gd-157.
Cal  cu  la  tion re  sults re  gard  ing the five en  ergy groups are in a good agree  ment with
those ob tained with only two en ergy groups which can, there fore, be used in all sub se -
quent cal  cu  la  tions. Cal  cu  la  tion re  sults pre  sented in this ar  ti  cle can be used as a mi  cro  -
scopic data base for es  ti  mat  ing the amount of ra  dio  ac  tive sources ran  domly dis  persed
in the en  vi  ron  ment. They can also be used to mon  i  tor the fuel as  sem  blies in  ven  tory at
the core level.
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IN TRO DUC TION
The  iso to pic  com po si tion  in ven tory  of  nu clear
fuel is in a state of con tin u ous evo lu tion dur ing the op -
er  at  ing life  time of a nu  clear re  ac  tor. It is the re  sult of
fuel de ple tion or burn up due to nu clear re ac tions. Fuel 
ir ra di a tion  in duces  long-term  changes  in  its  iso to pic
com po si  tion which should be de  ter mined by means of
cal cu la tion.
The  main  pa ram e ters  ac com pa ny ing  this  phe -
nom e non  are  the  dis tri bu tion  of  power  den si ties,  the
vari a tion of the flux, the power pick ing fac tors, and re -
ac tiv ity. All these vari a tions strongly in flu ence the op -
er  at  ing life, sta  bil  ity, and con  trol of a re  ac  tor.
To com  pen  sate for the loss of re  ac  tiv  ity due to
fuel de  ple  tion, a high-enough ini  tial ex cess of re  ac  tiv -
ity should be pro  vided, en  sur  ing that the ini  tial to  tal
mass of ura  nium is greater than the crit  i  cal mass.
Among  the  phe nom ena  that  neg a tively  in flu ence
to tal re ac tiv ity, we can cite the ef fect of tem per a ture, poi -
son  ing by Xe-135 and Sm-149 and fuel de  ple  tion [1].
The con ver sion fac tor, which is a pos i tive ef fect,
is too small in ther mal re search re ac tors to com pen sate
for the neg  a  tive ef  fects.
The quan tity and ac tiv ity of each fis sion prod uct
dur ing the re  ac  tor’s op  er  a  tion can be used to eval u ate:
the ra  dio  ac  tive sources ran  domly dis  persed in the en  -
vi ron ment, the amount of fuel el e ment ac tiv ity af ter its
dis charge from the core, the re sid ual heat in a fuel el  e -
ment, and the par  a  sitic cap  ture of neu  trons by fis  sion
prod ucts  ac cu mu lated  dur ing  the  re ac tor’s  op er a tion.
This anal  y  sis has fo  cused on the two main fis  sion
prod  ucts, Xe-135 and Sm-149.
The change in the iso  to  pic com  po  si  tion with
burn up causes changes in the mac ro scopic cross- sec -
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For that pur  pose, the cell code WIMSD-4 [2, 3]
has sys  tem  at  i  cally been used in our study. Nu  clide
chain equa  tions are solved in the ho  mog  e  nized equiv  -
a  lent cell by us  ing the dif  fu  sion the  ory.
The main ob jec tive of this work is to pres ent and
dis cuss  the  fuel  lat tice  de ple tion  anal y sis  ap proach
used at NUR.
NUR  RE AC TOR  CHAR AC TER IS TICS
NUR is a 1 MW nu clear re search re ac tor mod er -
ated and cooled with light wa  ter [4]. It is an open
swim ming pool re ac tor us ing U3O8 MTR type fuel en -
riched to 19.7%. Light wa  ter and blocks of graph  ite
are used as re  flec  tors. The fuel el  e  ments are fixed on
an ob  long grid which per  mits a vari  able con  fig  u  ra  tion
ar range ment.
A sche  matic di  a  gram giv  ing the cross-sec  tional
view of the re  ac  tor core is shown in fig.1. Fig  ures 2
and 3 show sche  matic views of the stan  dard and con  -
trol fuel el e ments, re spec tively. Ta ble 1 gives the NUR
re ac tor  main  data.
The re  ac  tor went crit  i  cal on March 23rd, 1989.
RE  VIEW OF LAT  TICE BURN UP
AND  DE PLE TION  CAL CU LA TION
IN WIMSD-4
In this sec  tion, a brief re  view of WIMSD-4 cal  -
cu la tion  meth ods  for  lo cal  burn  up  cal cu la tions  is
given. The main ref  er  ence from which the data are
taken is that of Kulikowska [5].
WIMSD-4 per  forms burn up cal  cu  la  tions in
mod ule chains 12 and 16. A POWERC in put card ini ti -
ates the pro cess. The gen eral scheme of burn up cal cu -
la  tions in WIMSD-4 is given in fig. 4.
Lat tice  cal cu la tions  are  ex e cuted  for  a
steady-state re  ac  tor and the time vari  a  tion is not ex  -
plic  itly taken into ac  count. Thus, the mac  ro  scopic
cross-sec  tions which are the co  ef  fi  cients of the trans  -
port equa  tion are con  sid  ered to be con  stant within
each time in  ter  val.
WIMSD-4 is set out to per form burn up anal y  sis
on a lat  tice unit cell.
Burn up cal  cu  la  tions con  sti  tute the last step of a
WIMS run. They are per  formed in chains 12 and 16
and are ex  e  cuted if a POWERC control card (which
de fines a mean power den sity RQ, a time step be tween
crit i cal ity  cal cu la tion  RTAU,  and  the  num ber  INDNB
of such time steps be  tween lat  tice cal  cu  la  tions) is in  -
cluded in the main data group of in  put cards.
The var i ous com pu ta tional steps per formed are:
(1) Prep a ra tion  of  ta bles  of  ef fec tive  ab sorp tion  and
fis  sion mi  cro  scopic cross-sec  tions for the nuclides
of each ma te rial un der go ing burn up on the ba sis of:
(a) code li  brary mi  cro  scopic data, and
(b) res  o  nance data and fluxes re  sult  ing from the
jjjjjspec trum  cal cu la tion  step;
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Fig ure 1. Cross-sec tional view through NUR re ac tor core
Fig  ure 2. Stan  dard fuel element
Fig  ure 3. Con  trol fuel element(2) Prep a ra tion  of  mac ro scopic  cross-sec tions  with
ab sorp tion  and  fis sion  cross-sec tions  cor rected
for num ber den si ties mod i fi ca tion due to burn up;
(3) So  lu  tion of the few group crit  i  cal  ity equa  tion,
with the ap pro pri ate con trol op tion for the ho mog -
e nized  cell;
(4) Flux renormalization to the re  quired power level
and  cal cu la tion  of  re ac tion  rates  (ab sorp tion,  cap -
ture, and fis sion) for each burnable nu clide in each 
burnable  ma te rial;
(5) Nu mer i cal  in te gra tion  of  the  fol low ing  nuclides
con cen tra tion  equa tions
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where  Ni is the den  sity of the nu  clide i, li – the de cay
con stant of the nu clide i, Ai – the mi cro scopic ab sorp -
tion re  ac  tion rate for the nu  clide i, Fk – the  mi  cro  -
scopic fis  sion re ac  tion rate for the nu  clide k, Ck – the 
mi  cro  scopic cap  ture re  ac  tion rate for the nu  clide k,
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Ta  ble 1. NUR fuel el  e  ments main data
Standard fuel element (SFE)
Fuel type
Enrichment
Uranium density in the meat
Average U plate content
Void fraction in the meat
U3O8 density
Uranium weight fraction in the U3O8
Al density
Number of fuel plates
Plate thickness
Meat thickness
Clad thickness
Water channel thickness
Meat width
Meat height (or active height)
Frame thickness
Inner distance between frames
Frame length
Structural material (frames and clads)
U3O8-Al
20%
2.96 g/cm3
76.5 g
10%
8.1 g/cm3
0.8477
2.7 g/cm3
19
0.150 cm
0.070 cm
0.040 cm
0.270 cm
6.0 cm
61.5 cm
0.45 cm
6.7 cm
8.01 cm
Al-6061
Control fuel element (CFE)
Fuel plate
Number of fuel plates
Water channel thickness
Frame thickness
Inner distance between frames
Frame length
Absorber material
Clad material for absorber
Material gap within the absorber
Guide plates material
Grid dimensions
same as SFE
14
same as SFE
0.45 cm
6.7 cm
8.01 cm
Ag-In-Cd
(80%, 15%, 5%)
ANSI 316
He
Al-6061
7.7×8.1 cm
Fig  ure 4. Gen  eral scheme of burn up cal  cu  la  tion in WIMSD-4Yki – the fis  sion yield of the nu  clide i for a fis  sion of
the nu clide k, aki,       bki  –  the frac tions of the nu clide i is -
sued from cap ture or ra dio ac tive de cay of the nu clide
k,  re  spec  tively, j1(k),  j2(k) – the prod  ucts iden  ti  fi  ers
of the nu  clide k by cap  ture or ra  dio  ac  tive de  cay, re  -
spec tively,  and  d(i, j) – the  Kronecker sym  bol in  di  -
cat  ing that the con  tri  bu  tion oc  curs if  i = j.
CAL CU LA TION  CON DI TIONS,
RE SULTS  AND  DIS CUS SION
Cal cu la tion  con di tions
The NUR core in  cludes two types of fuel el  e  -
ments: standard fuel elements (SFE) and con  trol fuel
el  e  ments (CFE). The SFE is made of 19 fuel plates,
while the CFE in  cludes 14 fuel plates. The cal  cu  la  -
tions were made in 2 and 5 en ergy groups based on the
69-WIMS li  brary [6]. Ta  ble 2 shows the de  tail of the
en  ergy struc  ture adopted for the li  brar  ies. The list of
nuclides em ployed in the pres ent burn up cal cu la tion is 
shown in tab. 3 for actinides and fis  sion prod  ucts, re  -
spec tively.  WIMS  ex e cutes  burn  up  cal cu la tions  in
CHAINS 12 and 16 when a POWERC in  put card is
given. The cal cu la tions were per formed for both a cold 
state core (T  =  20.0 °C for all ma te ri als) and a hot state
core (T = 63 °C for fuel ma  te  rial, T = 52.6 °C for
Al-clad ma te rial, and T  =  42.2 °C for the H2O mod er a -
tor and all oth  ers ma  te  ri  als).
A bo ron equiv a  lent quan  tity of 8 ppm/g is added
to the U3O8-Al meat and 48 ppm/g to the struc tural alu -
mi  num in or  der to ac  count for the pres  ence of im  pu  ri  -
ties in these ma  te  ri  als [7].
The equiv  a  lent cell model adopted in the cal  cu  -
la  tions is a three re  gions model, as rec  om  mended in
ref. [8].  The  geo met ri cal  rep re sen ta tion  of  such  a  cell
is given in fig. 5.
It is seen that re gion (2) in cludes the Al-clad and
the struc  tural alu  mi  num of the fuel as  sem  bly. Re  gion
(3) in  cludes H2O of the inter-plates and that of sur  -
round ing  chan nels.
Re sults  and  dis cus sion
The re  sults of WIMSD-4 fuel lat  tice de  ple  tion
anal  y  sis for the three re  gions lat  tice equiv  a  lent cell of
the NUR stan  dard fuel as  sem  bly in two and five en  -
ergy groups are pre sented in figs. 6-8 and tab. 4. All the 
re  sults are ob  tained by as  sum  ing the re  ac  tor is op  er  at  -
ing at a con  stant power of 1 MW.
The nu  clear fuel de  pletes with burn up and
changes oc  cur in its iso  to  pic com  po  si  tion. This has an
in  flu  ence on the neu  tron spec  trum. The ef  fects on the
NUR fuel can be seen in fig. 6, where the iso  to  pic de  -
ple  tion of U-235 and U-238, as well as the build-up of
U-236, Pu-239, Pu-240, and Pu-241 are ob  served
through the vari  a  tion of their atom num  ber den  si  ties
with burn up. These re  sults show a de  crease of den  si  -
ties for U-235 and U-238 as the fuel de  pletes. We also
no  tice that af  ter a year of re  ac  tor op  er  a  tion at a 1 MW
con stant power, only 10% of the ini tial fis sile ma te rial
is con  sumed. In the op  po  site case, an in  crease is ob  -
served for other actinides. The ex  am  i  na  tion of the
curves in fig. 6 shows that the var  i  ous plu  to  nium iso  -
topes ap  pear one af  ter an  other, be  cause Pu-240 is pro -
duced from Pu-239 by neutronic cap ture, Pu-241 from
Pu-240, and so on.
Re  sults in fig. 7 show the evo  lu  tion of fis  sion
prod ucts  that  have  an  in flu ence  on  re ac tiv ity,  no ta bly
the Xe-135. Its con  cen  tra  tion in  creases rap  idly and sat  -
u  rates just af  ter a few days of re  ac  tor op  er  a  tion, then it
de creases slowly with burn up. The ef fect of burn up on
re ac tiv ity is given in fig. 8 and tab. 5. Apart from the be -
gin  ning of the curve which cor  re  sponds to the ap  pa  ri  -
tion of  Xe-135, the de  crease of the cell re  ac  tiv  ity con  -
forms to the re  ac  tor op  er  at  ing time or burn up. For the
core con di tions: cold, fresh, and with out Xe-135, the re -
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Ta  ble 2. Two and five en  ergy groups structure
Group
Energy (eV)
Upper energy
boundary
Lower energy
boundary 
2G 1
2
1.000E+7*
0.625
0.625
0.0
5G
1
2
3
4
5
1.000E+7
0.821E+6
5530.0
0.625
0.080
0.821E+6
5530.0
0.625
0.080
0.0
* E+7 read as 10
7
Ta  ble 3. Nuclides con  sid  ered in the pres  ent
burn up calculation
Actinides Fission products
U-235
U-236
U-238
Pu-239
Pu-240
Pu-241
Cd-113
Xe-135
Sm-149
Sm-151
Eu-155
Gd-157
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Fig  ure 7. Fis  sion prod  ucts in  ven  tory: atom num  ber den  sity vs. fuel burn upac tiv ity ex cess is seen to be 4273 ×10–5  pcm. This value
is high enough to com  pen  sate for the de  crease in re  ac  -
tiv  ity with burn up for a cy  cle greater than 100 days.
The low  est value will ac  tu  ally de  pend on both ex  per  i  -
men  tal needs and the operability of the re  ac  tor.
CON CLU SION
The iso to pic in ven tory of some actinides and fis -
sion prod  ucts in the NUR nu  clear re  search re  ac  tor
have been es ti mated for a fuel cell of the MTR type en -
riched to 19.7%, us  ing the cell code WIMSD-4 based
on the WIMS-69 en  ergy group li  brary.
The fuel de pletes with burn up, lead ing to a sig -
nif i cant change in its com po si tion and re ac tiv ity. The
anal y sis al lowed us to give an es ti ma tion of the iso to -
pic con  cen  tra  tions of actinides and some fis  sion
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Fig ure  8. NUR  re ac tiv ity vari a tion at 1 MW con stant power
Ta  ble 4. Vari  a  tion of iso  to  pic den  si  ties with burn up for ma  jor fis  sile, fer  tile, and poi  son isotopes
Burn up
[MWd/tU]
Isotope
Density [1024 cm–3]
Error [%]
2 groups 5 groups
1000
U-235
U-238
Pu-239
Pu-241
Xe-135
Sm-149
0.0015148
0.0059631
8.6978E-7
1.0680E-11
7.9639E-9
6.0956E-8
0.0015148
0.0059663
8.7389E-7
1.0759E-11
7.9639E-9
6.0973E-8
0.000
0.000
0.470
0.730
0.000
0.027
3000
U-235
U-238
Pu-239
Pu-241
Xe-135
Sm-149
0.0014959
0.0059613
2.5826E-6
2.8614E-10
7.9275E-9
1.1271E-7
0.0014959
0.0059612
2.595E-6
2.8825E-10
7.9321E-9
1.1276E-7
0.000
0.000
0.470
0.730
0.057
0.035
5000
U-235
U-238
Pu-239
Pu-241
Xe-135
Sm-149
0.0014771
0.0059594
4.2769E-6
1.3219E-9
7.8982E-9
1.2789E-7
0.0014771
0.0059594
4.2769E-6
1.3219E-9
7.8982E-9
1.2789E-7
0.000
0.000
0.000
0.000
0.000
0.000
7000
U-235
U-238
Pu-239
Pu-241
Xe-135
Sm-149
0.0014583
0.0059575
5.918E-6
3.5822E-9
7.863E-9
1.3201E-7
0.0014583
0.0059575
5.9184E-6
3.5822E-9
7.8634E-9
1.3201E-7
0.000
0.000
0.000
0.000
0.000
0.000
9000
U-235
U-238
Pu-239
Pu-241
Xe-135
Sm-149
0.0014396
0.0059557
7.4846E-6
7.4529E-9
7.8231E-9
1.3277E-7
0.00144396
0.0059556
7.5194E-6
7.5073E-9
7.8279E-9
1.3283E-7
0.000
0.000
0.460
0.720
0.060
0.045
11000
U-235
U-238
Pu-239
Pu-241
Xe-135
Sm-149
0.0014209
0.0059537
9.0386E-6
1.3406E-8
7.787E-9
1.326E-7
0.00142
0.0059537
9.0804E-6
1.3504E-8
7.7918E-9
1.3267E-7
0.000
0.000
0.460
0.720
0.350
0.051
Ta ble 5. Vari a tion of re ac tiv ity with NUR re ac tor op er at ing 
time
NUR reator operating
time [day]
Burn up
[MWd/tU]
Reactivity
[10–5]
0 0 4273
0.25 11.75 2503
0.5 23.5 2495
0.75 35.25 2488
1 47 2480prod ucts pres ent in an av er age fuel as sem bly in func -
tion of the re  ac  tor op  er  at  ing time or burn up. It also
gave an es ti ma tion of the de crease of the re ac tiv ity as
a func  tion of time. The ini  tial re  ac  tiv  ity ex  cess of
4273 × 10–5 drops to a value of 500 × 10–5  af  ter about
150 days of re  ac  tor op  er  a  tion. This gives us an ap  -
prox i ma tion  of  the  re ac tor’s  fuel  cy cle  pe riod.
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PRORA^UN  UTRO[KA  GORIVA  U  MTR-LEU  NUR  REAKTORU
U radu se prikazuju rezultati vi{egrupnog energetskog prora~una sprovedenog radi
analize utro{ka goriva NUR reaktora do maksimalnog izgarawa od 45 000 MWd/tU. Kao sredstvo
prora~una kori{}en je }elijski pro  gram WIMSD-4. Interes u ovom izu~avawu je za aktinide, kao
{to su uranijumovi i plutonijumovi izotopi i fisioni produkti He-135, Sm-149, Sm-151, Eu-155 i
Gd-157. Rezultati petogrupnog energetskog prora~una u dobroj su saglasnosti sa onima dobijenim
dvogrupno, te je dvogrupni prora~un kori{}en u svim kasnijim prora~unima. Prikazani rezultati
prora~una mogu se koristiti kao mikroskopska baza podataka za procenu koli~ine radioaktivnih
izvora nasumice rasutih u `ivotnu sredinu. Mogu se tako|e upotrebiti za nadgledawe stawa
gorivnih sklopova u jezgru.